The objective of this paper is the computational and experimental study of the fracture behavior of spruce wood under quasi-static loading conditions during a three-point bending test. The experimental tests were performed on the electronic testing machine Zwick Z100 () with displacement control, according to the standard International Standard Organisation (ISO) 13061-4: 2014. The specimens were made of Norway spruce (Picea abies) wood, with dimensions of 25 mm × 25 mm in cross-section and 549 mm in length. Six tests were performed for each orientation (radial and tangential) of the wood fibres. Based on the experimental results, the computational model was created and validated by considering the mechanical responses in two different directions due to the orientation of the wood fibres. An orthotropic material model with damage evolution was selected as the computational model. The computational model was validated using the inverse procedure for the determination of the constitutive material parameters, including the damage parameters of three-point bending test specimens. A finite element method (FEM) in the framework of program package ABAQUS was used for the computational simulation, while the open code Optimax was used for the optimization procedure. Comparison between the experimental and computational force vs. the displacement response showed a very good correlation in the results for the spruce wood specimens under three-point bending tests, with Pearson s correlation coefficient of r = 0.994 for the tangential and r = 0.988 for the radial orientation. Therefore, validation of the proposed computational model was confirmed, and can be used further in numerical simulations of the fatigue behavior of wood specimens.
Introduction
Wood is a material with mechanical properties that vary markedly, both within a tree and among trees. Products made from biological materials such as wood often have complex mechanical behavior. Although such materials have been utilized for thousands of years, full knowledge of their mechanical behavior has yet to be achieved. They often vary in their properties from sample to sample, and exhibit a nonlinear mechanical behavior at higher loading. Moisture changes lead to shrinkage or swelling and modify mechanical properties. Wood also shows loading-rate dependencies, such as creep and viscoelasticity [1] . Although wood is a typical heterogeneous material, it has recently been increasingly used as a construction material, which in practice is most often subjected to cyclic loading.
Through consideration of its many benefits as a natural resource, wood is becoming progressively popular as a building material, not only for carpentry but also for constructing supporting structures [2] . This increased usage places wood, alone or as part of a composite [3] , in many novel applications where it has never been used before [4] .
Many authors deal with the topic of the experimental and numerical determination of material properties. Consider, for instance, the detailed analysis of wood structure. There are many factors influencing the mechanical performance of timber elements, such as wood species, tree growth rate, density, and local singularities (knots, cracks, and the slope of grain). Two of the main factors influencing the mechanical performance of timber elements are knots and fibre deviations. In the past, several researchers have developed finite element (FE) models to investigate the influence of knot and fibre deviations on wooden boards. The model of Goodman and Bodig [5] describes how the two-dimensional fibre deviations in the vicinity of knots mathematically often serve as a basis for FE models presented by the authors of [6] [7] [8] . Guindos and Guaita [9] developed an FE model that allows for the consideration of a three-dimensional fibre course in the vicinity of knots. They validated their model by conducting four-point bending tests. In a study by Olson et al. [10] , the influence of local wood fibre orientation on the prediction of timber bending strength was evaluated.
In recent years, many researchers have published works regarding the experimental and numerical investigations of wood and wooden hybrid structures, e.g., experimentally [11, 12] , analytically [13] [14] [15] , and numerically [16] [17] [18] , as discussed by the authors of [19] , who focused particularly on the application of the study of modern architecture, where windows of long widths and large heights are used. For this purpose, the bending stiffness, load-bearing capacity, and flexural rigidity of hybrid beams, reinforced with aluminium, were compared through experimental analysis, using a four-point bending test method, with those of reference wooden beams where the Norway spruce was used as the basic wood species.
Detailed research results focused on the size effect in the elastic mechanical properties of Beech wood structures. Their application using the finite element method (FEM) was proposed and discussed by the authors of [20] . The authors of [21] dealt with thermally-treated Beech wood, where experimental and numerical procedures were used to investigate the impact of the thermal treatment process on the behavior of defect-free wood under compression loads.
A promising attempt on fracture analysis of a wooden structure was presented by the authors of [22] , who presented a simplified damage mechanics model for the simulation of fractures in wood using experimental and numerical procedures. A very interesting approach to determining the stress-strain curves of various thicknesses of soft and hard woods when bent during three-point loading, using the FEM, was taken by the authors of [23] , with the main benefit that it is possible to determine the stress-strain curves without having to perform experiments under real conditions.
To verify the proper use of wood, one must specify the detailed mechanical properties for every kind of proposed wood and for a certain type of its loading. Wood as a naturally grown material is an orthotropic material, and orientation affects its mechanical properties. By obtaining experimental data from flexural tests, we intend to use them to construct numerical models for further use, which will take into account wood's anisotropicity. Therefore, the objective of this work is to focus only on the three-point bending behavior of clear wooden specimens made of Norway spruce. The experimental ground was set using the standard procedures prescribed by the authors of [24] [25] [26] . Further, numerical models were developed using the FEM. The proposed numerical models can be extended and improved with consideration of the scientific results related to further investigations on the fatigue behavior of wood [1, [27] [28] [29] [30] [31] [32] [33] .
Materials and Methods

Materials and Equipment
A company specialising in manufacturing windows and doors made of wood kindly provided the samples used for testing purposes. Initial samples were made of Norway spruce (Picea abies) wood and had the dimensions after mechanical processing of 25 mm × 25 mm × 549 mm (b × h × L) ( Figure 1 ). Detailed measurements for each sample were determined right before testing. and had the dimensions after mechanical processing of 25 mm × 25 mm × 549 mm (b × h × L) ( Figure  1 ). Detailed measurements for each sample were determined right before testing. During the preparation of samples, special attention was paid to achieve the best parallel orientation of wood fibres, as well as growth rings, along the whole sample length. However, since the samples were made from wood intended for commercial production of window frames and were acquired from the same warehouse, no detailed information about tree sizes or ages could be tracked down. Before testing, the samples were stored in normal conditions at 20 °C and 65% relative humidity. The samples were also inspected visually and sorted by their suitability of growth ring orientation and their frequency of occurrence in the wood (Figure 2 ). To determine the density ρ of each individual sample, all samples were weigh ed and measured accurately. By accounting for their similar density and visual appearances, the samples were selected from the set of all 60 patterns (marked with 1 to 60). During the preparation of samples, special attention was paid to achieve the best parallel orientation of wood fibres, as well as growth rings, along the whole sample length. However, since the samples were made from wood intended for commercial production of window frames and were acquired from the same warehouse, no detailed information about tree sizes or ages could be tracked down. Before testing, the samples were stored in normal conditions at 20 • C and 65% relative humidity. The samples were also inspected visually and sorted by their suitability of growth ring orientation and their frequency of occurrence in the wood (Figure 2 ). To determine the density ρ of each individual sample, all samples were weigh ed and measured accurately. By accounting for their similar density and visual appearances, the samples were selected from the set of all 60 patterns (marked with 1 to 60). and had the dimensions after mechanical processing of 25 mm × 25 mm × 549 mm (b × h × L) ( Figure  1 ). Detailed measurements for each sample were determined right before testing. During the preparation of samples, special attention was paid to achieve the best parallel orientation of wood fibres, as well as growth rings, along the whole sample length. However, since the samples were made from wood intended for commercial production of window frames and were acquired from the same warehouse, no detailed information about tree sizes or ages could be tracked down. Before testing, the samples were stored in normal conditions at 20 °C and 65% relative humidity. The samples were also inspected visually and sorted by their suitability of growth ring orientation and their frequency of occurrence in the wood (Figure 2 ). To determine the density ρ of each individual sample, all samples were weigh ed and measured accurately. By accounting for their similar density and visual appearances, the samples were selected from the set of all 60 patterns (marked with 1 to 60). Determination of the mechanical properties was conducted on an electronic testing machine Zwick Z100 (Figure 3 ). Although the machine has the capability to perform many kinds of tests, we focused on a threepoint bending test until rupture for our wood specimens. The cylindrical supports had a diameter of 30 mm and were separated by 350 mm, which corresponded to 14 times the height of the tested samples and was in accordance with International Standard Organisation (ISO) 13061-4: 2014, to determine the modulus of elasticity in a static bending test [25] . The load was exerted by a similarsized cylindrical block at the midpoint of a sample, with a constant speed of 10 mm/min.
Control and monitoring of the experiment were done through the interface and are displayed on the screen shown in Figure 4 . Although the machine has the capability to perform many kinds of tests, we focused on a three-point bending test until rupture for our wood specimens. The cylindrical supports had a diameter of 30 mm and were separated by 350 mm, which corresponded to 14 times the height of the tested samples and was in accordance with International Standard Organisation (ISO) 13061-4: 2014, to determine the modulus of elasticity in a static bending test [25] . The load was exerted by a similar-sized cylindrical block at the midpoint of a sample, with a constant speed of 10 mm/min.
Control and monitoring of the experiment were done through the interface and are displayed on the screen shown in Figure 4 . Although the machine has the capability to perform many kinds of tests, we focused on a threepoint bending test until rupture for our wood specimens. The cylindrical supports had a diameter of 30 mm and were separated by 350 mm, which corresponded to 14 times the height of the tested samples and was in accordance with International Standard Organisation (ISO) 13061-4: 2014, to determine the modulus of elasticity in a static bending test [25] . The load was exerted by a similarsized cylindrical block at the midpoint of a sample, with a constant speed of 10 mm/min.
Control and monitoring of the experiment were done through the interface and are displayed on the screen shown in Figure 4 . The bending tests were performed for two orientations of the wood: the tangential (Z) and radial (Y) directions. For the tangential orientation, the applied load was perpendicular to the XY-plane, while, for the radial, it was exerted perpendicular to the XZ-plane ( Figure 5 ). The bending tests were performed for two orientations of the wood: the tangential (Z) and radial (Y) directions. For the tangential orientation, the applied load was perpendicular to the XY-plane, while, for the radial, it was exerted perpendicular to the XZ-plane ( Figure 5 ). Two hours after the tests were completed, small pieces of samples were cut to determine the content of moisture in the tested samples by drying them in a laboratory dryer Kambič SP-210 (Kambič d.o.o., Semič, Slovenia). The procedure followed the instructions described in the standard ISO 13061-1: 2014 [24] . Measured samples had a mean moisture content value of 11.0%, with a standard deviation of 0.2%. The values for the ultimate strength σ and the modulus of elasticity E were corrected for 12% moisture content by considering the standard ISO 13061-3: 2014 [26] and the standard ISO 13061-4: 2014 [25] .
Computational Model
In this section, a computational model is presented for determination of the mechanical properties of a spruce wood specimen under quasi-static loading conditions during a three-point bending test. The computational model was obtained using the finite element method (FEM) within the Simulia ABAQUS code, based on an implicit solver [34] . The computational model was created and validated considering the mechanical responses in two different directions, due to the orientation of wood fibres. Furthermore, the computational model was validated using the inverse procedure for determination of the constitutive material parameters, including the damage parameters obtained during three-point bending tests.
Geometry
The loading conditions of a three-point bending test are modelled implementing a threedimensional computational model in the framework of the ABAQUS code [34] . The computational model consists of three-dimensional spruce wood specimens and three cylindrical supports (CS), which are modelled as analytical rigid surfaces ( Figure 6) where L is the distance between supports and D is the diameter of the cylindrical supports. In the proposed computational model, the spruce wood specimens have the same dimensions as those used in the experimental tests, i.e., 25 mm × 25 mm in cross-section (b × h) and 549 mm in length (L). Two hours after the tests were completed, small pieces of samples were cut to determine the content of moisture in the tested samples by drying them in a laboratory dryer Kambič SP-210 (Kambič d.o.o., Semič, Slovenia). The procedure followed the instructions described in the standard ISO 13061-1: 2014 [24] . Measured samples had a mean moisture content value of 11.0%, with a standard deviation of 0.2%. The values for the ultimate strength σ and the modulus of elasticity E were corrected for 12% moisture content by considering the standard ISO 13061-3: 2014 [26] and the standard ISO 13061-4: 2014 [25] .
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Geometry
The loading conditions of a three-point bending test are modelled implementing a three-dimensional computational model in the framework of the ABAQUS code [34] . The computational model consists of three-dimensional spruce wood specimens and three cylindrical supports (CS), which are modelled as analytical rigid surfaces ( Figure 6) where L is the distance between supports and D is the diameter of the cylindrical supports. In the proposed computational model, the spruce wood specimens have the same dimensions as those used in the experimental tests, i.e., 25 mm × 25 mm in cross-section (b × h) and 549 mm in length (L). Forests 2019, 10, x FOR PEER REVIEW 6 of 12 Figure 6 . Computational model of a three-point bending test.
Material Model
Wood is a highly anisotropic material that shows ductile behavior during compression and brittle behavior during tension and shear, where both failure modes can occur simultaneously. Therefore, the directions of the wood fibres have a significant impact on the mechanical behavior of wood specimens. In the proposed model, the material fibres directions are defined according to the authors of [35] . Three material directions can be distinguished ( Figure 5 ) in order to reduce the complexity of the material model: longitudinal (X), radial (Y), and tangential (Z) [35] . In the computational analysis, the orthotropic material model is used to describe the linear elastic material behavior of wood specimens. The linear elastic orthotropic material model is defined by specifying the engineering constants. The material parameters that are used in the orthotropic material model are as follows: the modulus of elasticity MOE (E1, E2, and E3); Poisson's ratios (ν12, ν13, and ν23); and the shear modulus (G12, G13, and G23). A ductile damage material model is implemented in the computational model for predicting the initiation of damage in the treated wood specimens. The ductile damage material model is based on phenomenological criterion for predicting the onset of damage due to nucleation, growth, and coalescence of voids in a material. The ductile damage material model is based on the assumption that the equivalent plastic strain at the onset of damage, ε , is a function of stress triaxiality η and strain rate, explained by Kramberger et al. [36] ε ( , ε )
where η = −p/q is the stress triaxiality, p represents the pressure stress, q is the von Mises equivalent stress, and ε is the equivalent plastic strain rate [36] . The criterion for damage initiation occurs when the following condition is fulfilled:
where ωD is a state variable that increases monotonically with the plastic deformation. If the parameter ωD equals zero, it means that the material is undamaged, and in the case where parameter ωD equals one, the material is completely damaged. Figure 6 illustrates the characteristic stress-strain behavior of a material undergoing damage. The solid curve in Figure 7 represents the damaged stress-strain response, while the dashed curve refers to the response in the absence of damage. In Figure 7 , the material parameters σy0 and ε are the ultimate strength and equivalent plastic strain at the onset of damage, while ε is the equivalent plastic strain at failure [34] . In the proposed material model, the damage evolution is prescribed in the exponential form. 
Wood is a highly anisotropic material that shows ductile behavior during compression and brittle behavior during tension and shear, where both failure modes can occur simultaneously. Therefore, the directions of the wood fibres have a significant impact on the mechanical behavior of wood specimens. In the proposed model, the material fibres directions are defined according to the authors of [35] . Three material directions can be distinguished ( Figure 5 ) in order to reduce the complexity of the material model: longitudinal (X), radial (Y), and tangential (Z) [35] . In the computational analysis, the orthotropic material model is used to describe the linear elastic material behavior of wood specimens. The linear elastic orthotropic material model is defined by specifying the engineering constants. The material parameters that are used in the orthotropic material model are as follows: the modulus of elasticity MOE (E 1 , E 2 , and E 3 ); Poisson's ratios (ν 12 , ν 13 , and ν 23 ); and the shear modulus (G 12 , G 13 , and G 23 ). A ductile damage material model is implemented in the computational model for predicting the initiation of damage in the treated wood specimens. The ductile damage material model is based on phenomenological criterion for predicting the onset of damage due to nucleation, growth, and coalescence of voids in a material. The ductile damage material model is based on the assumption that the equivalent plastic strain at the onset of damage, ε pl D , is a function of stress triaxiality η and strain rate, explained by Kramberger et al. [36] ε pl D η,
where η = −p/q is the stress triaxiality, p represents the pressure stress, q is the von Mises equivalent stress, and . ε pl is the equivalent plastic strain rate [36] . The criterion for damage initiation occurs when the following condition is fulfilled:
where ω D is a state variable that increases monotonically with the plastic deformation. If the parameter ω D equals zero, it means that the material is undamaged, and in the case where parameter ω D equals one, the material is completely damaged. Figure 6 illustrates the characteristic stress-strain behavior of a material undergoing damage. The solid curve in Figure 7 represents the damaged stress-strain response, while the dashed curve refers to the response in the absence of damage. In Figure 7 , the material parameters σ y0 and ε pl D are the ultimate strength and equivalent plastic strain at the onset of damage, while ε pl f is the equivalent plastic strain at failure [34] . In the proposed material model, the damage evolution is prescribed in the exponential form. 
Boundary Conditions
The boundary conditions as presented in Figure 6 were prescribed using the cylindrical supports. The constant displacement was prescribed in the vertical direction at the cylindrical supports 3 (CS-3) to perform the bending loading, while the other two cylindrical supports were constrained in all degrees of freedom (see Figure 6 ). The contact between wood specimen and supports was defined in both normal and transverse directions with consideration of the static coefficient of friction. In the performed computational analysis, the value of static coefficient of friction μfr,stat equaled 0.4. The geometry of the wood specimen was meshed using linear hexahedral elements of the C3D8R type. Mesh sensitivity was considered carefully with a convergence study, to ensure that the model was capable of calculating associated deformations precisely. The average size of finite element 2 mm has been found to give converged results. The total number of solid finite elements representing the wood specimen was approximately 7600 (Figure 8 ). 
Results and Discussion
Experimental Results
We started with an assortment of 60 samples (labelled from 1 to 60) that were already preselected by the carpentry company by their suitability for our needs (wood clarity and growth ring orientation). Based on similar density, we further eliminated the samples until we had a series of 12 
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Results and Discussion
Experimental Results
We started with an assortment of 60 samples (labelled from 1 to 60) that were already preselected by the carpentry company by their suitability for our needs (wood clarity and growth ring orientation).
Based on similar density, we further eliminated the samples until we had a series of 12 samples (Figure 9 ), for which the wood density between extremes did not deviate by more than approx. 10%. samples (Figure 9 ), for which the wood density between extremes did not deviate by more than approx. 10%. Out of the remaining 12, for each orientation (radial and tangential), a total of six samples were tested flexurally until rupture. The results are presented in Table 1 and Table 2 . To calculate a mean response force-displacement curve for each specimen`s orientation, data from all six individual experimental tests were used for averaging (see Figure 10 and Figure 11 ). Out of the remaining 12, for each orientation (radial and tangential), a total of six samples were tested flexurally until rupture. The results are presented in Tables 1 and 2 . To calculate a mean response force-displacement curve for each specimen's orientation, data from all six individual experimental tests were used for averaging (see Figures 10 and 11 ). The difference between the mean responses shown in Figure 10 and Figure 11 is noticeable and expected, because of the anisotropic nature of wood. As wood is a naturally grown material resource and many factors affect its mechanical characteristics, a major variation between individual samples was also expected and confirmed by our observations.
Comparison between Computational and Experimental Results
The computational model was validated using an inverse procedure for determination of the constitutive material parameters, including the damage parameters, which resulted from the threepoint bending tests. FEM, in the framework of the ABAQUS code, was used for the computational simulation, while the open code Optimax [37] was used for the optimization procedure to determine the material parameters. They were then used in the numerical calculations. The optimization process was performed with comparison of the numerical and experimental results in the force-displacement diagram (Figure 12 ). The difference between the mean responses shown in Figure 10 and Figure 11 is noticeable and expected, because of the anisotropic nature of wood. As wood is a naturally grown material resource and many factors affect its mechanical characteristics, a major variation between individual samples was also expected and confirmed by our observations.
The computational model was validated using an inverse procedure for determination of the constitutive material parameters, including the damage parameters, which resulted from the threepoint bending tests. FEM, in the framework of the ABAQUS code, was used for the computational simulation, while the open code Optimax [37] was used for the optimization procedure to determine the material parameters. They were then used in the numerical calculations. The optimization process was performed with comparison of the numerical and experimental results in the force-displacement diagram (Figure 12 ). The difference between the mean responses shown in Figures 10 and 11 is noticeable and expected, because of the anisotropic nature of wood. As wood is a naturally grown material resource and many factors affect its mechanical characteristics, a major variation between individual samples was also expected and confirmed by our observations.
The computational model was validated using an inverse procedure for determination of the constitutive material parameters, including the damage parameters, which resulted from the three-point bending tests. FEM, in the framework of the ABAQUS code, was used for the computational simulation, while the open code Optimax [37] was used for the optimization procedure to determine the material parameters. They were then used in the numerical calculations. The optimization process was performed with comparison of the numerical and experimental results in the force-displacement diagram (Figure 12 ). The difference between both curves was applied as the optimization objective function in the genetic algorithm (GA) to determine the material parameters of the computational model. In the optimization procedure, when calibrating the appropriate material parameters, the experimental responses were used for each orientation (Z and Y) of the wood fibres. Six three-point bending tests (in accordance to each orientation of the wood fibres) were carried out in order to achieve a representative sample of experimental tests. The mean force-displacement response was calculated from the experimental results, which was used further for the inverse determination of the material parameters. The inverse determination of the constitutive parameters was carried out within 2000 computational simulations. The validation of the computational model was done comparing the reaction force on the support plate, measured during the experimental test and the computational simulation, respectively.
Conclusions
The main goal of the present paper was the experimental and computational study of the fracture behavior of spruce wood under quasi-static loading conditions in a three-point bending test. First, the experimental study of the force-displacement relationship between tangentially and radially loaded specimens was performed using the Zwick Z100 testing machine, and the values were determined for the ultimate strength σ and modulus of elasticity E. The moisture content was measured for each specimen, since these data affect the mechanical properties of wood specimens directly. All measured samples had a moisture content of 11.0%, with a standard deviation of 0.2%; the values for the ultimate strength σ and the modulus of elasticity E were corrected for 12% moisture content. For each orientation (radial and tangential), a total of six samples were tested flexurally until rupture. Second, based on the experimental results, the computational model using FEM was created and validated by comparing mechanical responses in two different directions (radial and tangential), due to the orientation of the wood fibres. The computational model was validated using the inverse procedure for the determination of the constitutive material parameters, including the damage parameters. Six three-point bending tests were carried out for each orientation of the wood fibres, in order to achieve a representative sample of experimental tests. Numerical simulations have shown the possibility to analyse the evolution of damage in the considered wooden structures. The numerical model has been validated with the comparison of computational and experimental results, where the force-displacement diagrams were compared. The comparison showed a very good correlation of the results, with Pearson's correlation coefficient of r = 0.994 for the tangential and r = The difference between both curves was applied as the optimization objective function in the genetic algorithm (GA) to determine the material parameters of the computational model. In the optimization procedure, when calibrating the appropriate material parameters, the experimental responses were used for each orientation (Z and Y) of the wood fibres. Six three-point bending tests (in accordance to each orientation of the wood fibres) were carried out in order to achieve a representative sample of experimental tests. The mean force-displacement response was calculated from the experimental results, which was used further for the inverse determination of the material parameters. The inverse determination of the constitutive parameters was carried out within 2000 computational simulations. The validation of the computational model was done comparing the reaction force on the support plate, measured during the experimental test and the computational simulation, respectively.
The main goal of the present paper was the experimental and computational study of the fracture behavior of spruce wood under quasi-static loading conditions in a three-point bending test. First, the experimental study of the force-displacement relationship between tangentially and radially loaded specimens was performed using the Zwick Z100 testing machine, and the values were determined for the ultimate strength σ and modulus of elasticity E. The moisture content was measured for each specimen, since these data affect the mechanical properties of wood specimens directly. All measured samples had a moisture content of 11.0%, with a standard deviation of 0.2%; the values for the ultimate strength σ and the modulus of elasticity E were corrected for 12% moisture content. For each orientation (radial and tangential), a total of six samples were tested flexurally until rupture. Second, based on the experimental results, the computational model using FEM was created and validated by comparing mechanical responses in two different directions (radial and tangential), due to the orientation of the wood fibres. The computational model was validated using the inverse procedure for the determination of the constitutive material parameters, including the damage parameters. Six three-point bending tests were carried out for each orientation of the wood fibres, in order to achieve a representative sample of experimental tests. Numerical simulations have shown the possibility to analyse the evolution of damage in the considered wooden structures. The numerical model has been validated with the comparison of computational and experimental results, where the force-displacement diagrams were compared. The comparison showed a very good correlation of the results, with Pearson's correlation coefficient of r = 0.994 for the tangential and r = 0.988 for the radial orientation. Although clean specimens and a homogeneous material model were considered, a first attempt to create a numerical model for later fracture and fatigue life analysis was achieved. However, further investigations are needed to consider more realistic fatigue-loading conditions and more complex models with wooden materials and structures.
